A distributed temperature-index melt model including potential shortwave radiation is used to calculate annual mean surface mass balance and the spatial distribution of melt rates on the east branch of Urumqi Glacier No. 1, north-western China. The lack of continuous datasets at higher temporal resolution for various climate variables 5 suggests the application of a degree-day model with only few required input variables. The model is calibrated for a six day period in July 2007, for which daily mass balance measurements and meteorological data are available. Based on point measurements of mass balance, parameter values are optimised running a constrained multivariable function using the simplex search method. To evaluate the model performance, annual 10 mass balances for the period 1987/88-2004/05 are calculated using NCEP/NCARReanalysis data. The modelled values fit the observed mass balance with a correlation of 0.98 and an RMSE of 332 mm w.e. Furthermore, the calculated spatial distribution of melt rates shows an improvement in small-scale variations compared to the simple degree-day approach.
Introduction
Most glaciers in China belong to the continental type and react much slower to the worldwide trend of increasing temperatures than more marine type glaciers in Europe, America and New Zealand (Haeberli, 2003) . Nevertheless, the increase of average air temperature by 0.7
• C from 1987 to 2000 in north-western China leads to significant 20 glacial mass losses and a widespread increase in glacial meltwater and runoff (Zhang et al., 2006b) . Especially in western China and the eastern Tian Shan, glacier change is scarcely documented and climate observations in the mountainous regions are rare. Urumqi Glacier No. 1 is the best observed glacier in this region but there is still a lack of 25 continuous datasets for various climate variables. This suggests the application of a temperature-index approach for modelling glacier surface mass balance. The surrounding mountain terrain and the orientation of the glacier tongue lead to the assumption, that incoming global radiation, as one of the primary sources of heat for melt (Ohmura, 2001) , plays an important role in temperature-index melt modelling for Glacier No. 1, allowing for spatially variable melt estimates (Hock, 2003) . In this pa-5 per, a method of enhancing a temperature-index-based mass balance model through a radiation term is presented for Urumqi Glacier No. 1. Calculated annual mean mass balances are contrasted with the measurements. Furthermore, the spatial distribution of melt rates is compared with the simple degree-day approach and the mass balance maps published by the World Glacier Monitoring Service (WGMS).
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Study site
Urumqi Glacier No. 1 (UG1) (43 • 05 N, 86
• 49 E) is located in the headwaters of the Urumqi river in the northern mid-part of the Chinese Tian Shan (Fig. 1) . Among Chinese glaciers it provides the longest glaciological and climatological monitoring record, implemented by Tianshan Glaciological Station (TGS) in 1958 (Jing et al., 2006 and a west branch (∼0.7 km 2 ) and since 1988 glaciological measurements are carried out for both branches separately (Jing et al., 2006; Wang et al., 2007; WGMS, 2007) . The region is one of the most continental areas of the world, influenced by polar and 20 continental air masses from the Arctic and central Asia from autumn to spring. During the summer months monsoonal air masses account for 66 to 72% of the annual total precipitation amount (Hagg, 2003; Wang et al., 2007) . Therefore, accumulation and ablation take part simultaneously in summer as large parts of the precipitation amounts are formed by snow in higher elevations.
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Thus, UG1 belongs to the "summer-accumulation type" according to Ageta and Fujita (1996) . During the winter months the region is dominated by continental air masses 209 causing very low temperatures and little precipitation (Domrös and Peng, 1988; Zhang and Lin, 1992) . The mean annual air temperature at Daxigou Meteorological Station (Fig. 1 , see also Sect. 3.1) is −5.1
• C, with a mean annual precipitation amount of 450 mm (Jing et al., 2006; Ye et al., 2005) . Monthly precipitation varies from 2 to 15 mm during winter (October-March) to 118 mm in July (Jing et al., 2006) . For 5 the last climatological normal period, the mean annual temperature amplitude is 20.5 K (Hagg, 2003) .The arid climate causes very large evaporation at the glacier surface so that the effect of sublimation is one of the dominant ablation processes (Zhang et al., 2006a) .
Data
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Meteorological data
At UG1 the nearest long-term meteorological record is provided by Daxigou Meteorological Station (3.540 m a.s.l., Daxigou MS) roughly 2 km east of UG1 (Fig. 1) . Daxigou MS is operated by the Xinjiang Bureau of Meteorology since 1958, continuous time series of diurnal temperature and precipitation records are available from 2004, monthly . The determination of a precipitation gradient from the available records was not possible, due to data gaps in both records and effects like snow drift and evaporation causing erroneous measurements. The calibration of the radiation module is based on hourly means of incoming shortwave radiation, measured at the AWS UG1.
Mass balance data
At UG1 glacier monitoring started in 1958, with gaps between 1966 and 1976 . Since then, the Chinese Academy of Sciences measures monthly mass balances using the glaciological method and calculates annual net mass balances that are published through the database of the World Glacier Monitoring Service (WGMS). Since 1988 annual net mass balances are calculated for east and west branch separately.
During a field campaign in July 2007 a dataset of daily individual stake measurements on the east branch of UG1 was compiled for calibrating a degree-day model. The dataset contains a total of 222 readings at 16 to 20 individual ablation stakes for the period from 8 to 25 July 2007. The first six days of measurements were affected by 10 precipitation events in the evening hours, which could not be accurately captured by the weather stations. Four ablation stakes fell down in July due to strong melt. Therefore, a total of 102 readings at 16 ablation stakes during six consecutive days were selected for calibration.
Digital elevation model
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Modelling of incoming shortwave radiation and surface mass balance of UG1 was based on a digital elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM) database at 90 m resolution covering the glacier area and the surrounding topography. The DEM was resampled to the resolution of a LANDSAT-5 satellite image of identical coverage from 1999 (28.5 m) (Fig. 1 ). The glacier mask was cut out from 20 the DEM using the boundaries determined from the LANDSAT image.
Model description
Simple degree-day temperature-index melt models (DDMs) have been widely applied in a variety of studies (e.g. Braithwaite, 1984; Jóhannesson et al., 1995; Zhang et al., 2006b ) where sparse data is available, as they calculate melt rates based on air 25 211 temperature as sole measured input variable. Only restricted spatial resolution of the simulated melt rates across the glacier, induced through changes in elevation associated with the air-temperature lapse rate, can be incorporated in the model.
In order to assess more realistic spatial melt-rate variations, the relative simplicity of temperature-index models is combined with a term accounting for incoming direct 5 shortwave radiation. The simple temperature based DDM is enhanced through the radiation term a + b r/r in an additive way (Eq. 1). The applied radiation module after Kumar et al. (1997) calculates clear sky incoming direct, diffuse and reflected shortwave radiation in response to altitude, elevation, surface gradient, orientation and position relative to neighbouring surfaces.
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The first approach of an enhanced temperature-index melt model was developed by Hock (1999) and has been applied in many studies on distributed mass balance modelling (e.g. Pellicciotti et al., 2005; Schuler et al., 2005) . Net shortwave radiation is the dominant source of melt energy on most glaciers (Braithwaite, 1995; Oerlemans, 2001) , and thus exerts a strong influence upon the spatial evolution of melt rates due 15 to the effects of topography. In this study, glacier melt rate M is computed by
where DDF is the degree-day factor (mm K −1 d −1 ), different for snow and ice surfaces,
T is daily mean air temperature ( • C), T T is a threshold temperature ( • C) beyond which melt is assumed to occur, a and b are radiation factors. Parameter r is daily mean 20 estimated shortwave radiation at each grid cell of the glacier and r is daily mean shortwave radiation over all grid cells of the glacier surface (Wm −2 ). The radiation factors are empirical coefficients which are assumed to be constant in space and time. Parameters r and r are approximated by standard algorithms on insolation geometry and topography after Kumar et al. (1997) . Air temperature is extrapolated to each grid cell 25 applying a constant lapse rate derived from air temperature data at Daxigou MS and at AWS UG1.
Accumulation is computed from precipitation measured at Daxigou MS. The precipitation amount is assumed to be constant with increasing elevation. The fraction of solid precipitation is described by a hyperbolic tangens function, depending on air temperature. The threshold is scaled within a range between 100% (0 • C) and 0% (2 • C), as suggested by Hantel et al. (2000) .
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The term accounting for shortwave radiation is of linear character as the result of a linear relationship of standardised shortwave radiation and the difference of measured and modelled mass balance at individual stakes (Fig. 2) . Through the additive composition, the terms dependent on temperature and radiation are independent from each other as it is implied from a consideration of the energy balance (Ohmura, 2001 ).
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Parameter calibration
In the radiation module after Kumar et al. (1997) the only variable factor is surface albedo, whereas the atmospheric transmission is calculated considering Rayleigh and Mie scattering as well as the absorption by atmospheric gases. For calibrating the albedo of the glacier surface, modelled mean hourly shortwave radiation that reaches 15 the grid cell of the AWS on UG1 for a selected day during the calibration period in July 2007 is adjusted to measured mean hourly incoming shortwave radiation at the AWS at the same day. As the radiation module cannot account for the effect of clouds, a clear sky day (20 July 2007) was chosen for calibration. Albedo values were varied manually within reasonable limits until the residuals of model output and observations 20 were minimal (Fig. 3 ) and the daily radiation cycle was reproduced in a satisfactory way (Fig. 4) .
For UG1 the degree-day factor for ice surfaces (DDF* ice ) and the radiation factors a and b are the only parameters available for calibration. Their values are adjusted such that model results are in optimal agreement with the measurements at individual 25 stakes (Table 1 ). The degree-day factor for snow surfaces is assumed to be half of DDF* ice (Braithwaite and Zhang, 2000) . A dataset of six consecutive days in July 2007 213 is used to calibrate the model parameters, whereas one mean value for each of the 16 stakes is considered. The evaluation of the model performance is conducted using a dataset of annual mean mass balances of the east branch of UG1 covering the period 1987-2005 to control whether the overall behaviour and the temporal evolution of mass balance are reproduced correctly.
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Parameters are optimised running a constrained multivariable function using the simplex search method (Nelder and Mead, 1965) . The parameter values were varied in an iterative process, until the residuals of model output and observations became minimal (Fig. 5) . The variation of DDF* ice was restricted within reasonable limits. Model output is produced in daily time-steps for the grid cells of individual stakes to 10 correspond to the measurements. The optimised parameter values for the east branch of UG1 are presented in Table 1 . These parameters require a site-specific calibration to avoid large errors in model values, since temperature-index melt models sensitively react to changes in degree-day factors and temperature lapse rate (Schuler et al., 2005) .
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In order to compare the spatial distribution of calculated melt rates produced by enhanced temperature-radiation and simple temperature based DDM, optimisation and evaluation of the simple DDM are conducted in a similar way as aforementioned, applying identical datasets and model assumptions. DDF ice is the only parameter available for calibration (Table 1) .
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Results
The radiation module is calibrated by varying the albedo until the daily circles of modelled and measured incoming shortwave radiation are in optimal agreement. (Fig. 3) . As the surrounding topography effects the incoming radiation at some glacier grid cells due to reflection or absorption, an albedo of 0.2 is attributed to the non-glaciated areas of the DEM.
On examination of the daily radiation cycles (Fig. 4) , it is visible, that measured incoming shortwave radiation is overestimated during the morning hours, slightly underestimated during noon and early afternoon and again overestimated in the evening. These differences can be caused by the imprecision of the grid cells of the DEM caused 5 by the resampling process and by differences between the actual location of AWS UG1 and the spatial mean over the whole grid cell.
For the calibration period of six days from 20-25 July 2007, a total of 102 mass balance values were derived from individual stake measurements. For each ablation stake, the measurements were merged to a single mean value. The compari-son of measured and calculated values shows a correlation of 0.9, with an RMSE of 12 mm w.e. for the enhanced temperature-radiation DDM (Fig. 5) .
In order to evaluate the model performance, mean net mass balance time series of the east branch of UG1 from 1987/88-2004/05 are compared to the corresponding model values (Fig. 6 ). Due to missing continuous meteorological records, daily temper-15 ature and precipitation data from the NCEP/NCAR-Reanalysis Project (Kalnay et al., 1996) is taken as input data. After a statistical downscaling of four NCEP/NCAR grid points nearest to the glacier (Matulla et al., 2002) , the generated daily mean temperatures show a correlation of 0.97, the daily precipitation sums a correlation of 0. were downscaled through a multiple linear regression, whereas the method of artifical neural networks (Sauter et al., 2009 ) appeared to be most suitable for precipitation downscaling. Figure 6 shows that calculated values are in good agreement with the observations, with a correlation of 0.98 and an RMSE of 332 mm w.e. This good performance in- 1988/89, 1989/90, 1991/92 and 1995/96, 5 where measured net balance values were slightly positive ( Fig. 7a and b) . This is probably due to an overestimation of mean temperatures and an underestimation of precipitation amounts and thus accumulation rates within the reanalysis database. The large fraction of snow in the total precipitation amount leads to a positive feedback on glacier surface albedo and thereby on ablation rates especially in summer when shortwave 10 radiation input is largest (Ageta and Higuchi, 1984) . Until the balance year 1992/93 the model produces significantly less melt, except for the positive years mentioned above. This underestimation of melt is a result of disregarding a changing glacier area through the utilisation of a single glacier mask of the year 1999. This is illustrated in Fig. 8 , where model results are compared to the net balance maps published by the WGMS.
15
In former years a larger ablation area leads to more negative mass balance values than the model produces. Since the balance year 1992/93, the changing glacier area seems to have no distinct impact on the differences between measured and modelled mass balances.
In order to assess the improvement of the enhanced DDM on the spatial distribu-20 tion of ablation and accumulation, the distributed mass balance obtained from the enhanced temperature-radiation DDM and the simple DDM, based only on air temperature are compared to the net balance maps published by the WGMS, respectively. The balance years 1992/93 to 1994/95 were exemplarily chosen, as the difference between measured and generated mass balance values are minimal. In the year 1999/2000 25 the glacier mask used in the model matches the glacier area of the balance map best (Fig. 8) . Due to the resolution of the DEM of 28.5 m, the shape of the mask is dependent on the grid cells and therefore not perfectly fitting to the real glacier area. The WGMS balance maps result from the spatial interpolation of the stake measure-ments solely. Thus, their accuracy highly depends on the density of the observing network (WGMS, 2007) . Under consideration of the stake network, illustrated in Fig. 1 for the year 2007, it is obvious that the radiation induced complexity of the mass balance distribution cannot be captured sufficiently. Several structures, such as the upward shift of the isolines in the western parts of UG1 are reproduced better applying the 5 enhanced DDM. In these areas the stake network is denser than in the eastern parts of the glacier. Therefore, it is possible to detect spatially varying melt rate patterns through mass balance measurements. In the western and southern parts of UG1, no ablation stake measurements can be considered for the balance maps. The interpolation is based on a temperature gradient explaining the better performance of the 10 simple DDM in these areas when compared to the mass balance maps generated from measurements (Fig. 8) .
Both DDMs reproduce the spatial pattern of the absolute mass balance in the WGMS maps with only limited success. In general, ablation in the lower parts and accumulation in the upper regions, each are underestimated, causing overall smaller mass 15 balance gradients. This could be the effect of an imprecise temperature lapse rate and neglect of any precipitation gradient. The modelled equilibrium lines are shifted upward compared to the measured ones, while still the enhanced DDM performs superior over the simple DDM in this respect. The accurate location of isolines in the eastern parts of the lower glacier tongue cannot be identified in both DDMs. However, with regard 20 to the stake network, the accuracy of this pattern in the measured data is questionable as well.
Conclusions
The enhanced temperature-radiation-index model including incoming direct shortwave radiation performed well in reproducing the time series of mass balance of UG1 during melt is overestimated by the model, mostly due to an underestimation of precipitation amounts within the reanalysis data used as input.
The spatial distribution of annual mean surface mass balance in detail, as illustrated in the net balance maps (Fig. 8) is reproduced better applying the enhanced temperature-radiation-index model compared to the simple DDM. Including a term for 5 shortwave radiation takes into account the effects of topography, which leads to higher melt rates in the western parts of the east branch of UG1. The equilibrium line altitudes, as well as the absolute values of lowest and highest melt rates, are closer to the measured values in this case.
In order to improve the model output and also in order to capture the positive balance years more adequately, a calibration period of extended length with daily mass balance measurements would be crucial. The continued operation of the AWS on the east branch of UG1 will allow for more reliable temperature and precipitation gradients in the future.
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